The mechanical properties of polycrystalline materials are largely determined by the kinetics of the phase transformations during the production process. Progress in x-ray diffraction instrumentation at synchrotron sources has created an opportunity to study the transformation kinetics at the level of individual grains. Our measurements show that the activation energy for grain nucleation is at least two orders of magnitude smaller than that predicted by thermodynamic models. The observed growth curves of the newly formed grains confirm the parabolic growth model but also show three fundamentally different types of growth. Insight into the grain nucleation and growth mechanisms during phase transformations contributes to the development of materials with optimal mechanical properties.
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The mechanical properties of polycrystalline materials are largely determined by the kinetics of the phase transformations during the production process. Progress in x-ray diffraction instrumentation at synchrotron sources has created an opportunity to study the transformation kinetics at the level of individual grains. Our measurements show that the activation energy for grain nucleation is at least two orders of magnitude smaller than that predicted by thermodynamic models. The observed growth curves of the newly formed grains confirm the parabolic growth model but also show three fundamentally different types of growth. Insight into the grain nucleation and growth mechanisms during phase transformations contributes to the development of materials with optimal mechanical properties.
Grain nucleation and growth are important phenomena in polycrystalline materials such as metals and most ceramics. They govern the kinetics of many phase transformations and recrystallization processes that take place during processing. The final average grain size after the transformation is directly related to the strength of the material. In general, a smaller average grain size results in a stronger material. Despite the various transformation models that have been proposed in the past 60 years, the kinetics of these phase transformations is still poorly understood. Most of these models are based on the classical nucleation theory (CNT) (1) and the law of parabolic grain growth as derived by Zener (2) , which describe the behavior of individual grains in the bulk of the material.
The experimental techniques that have been available to verify these nucleation and growth models are limited to either observations at the surface or the determination of the average grain growth behavior in the bulk (3). The development of x-ray microscopes at synchrotron sources with focused high-energy x-rays has created the opportunity to study individual grains in the bulk of a material (4-7). In addition, these measurements give unique information about the grain nucleation during the phase transformation. Because of a combination of fundamental scientific interest and technological importance, the phase transformations in steel have been investigated more extensively than those in any other material, and steel is the material studied here.
Carbon steel consists of iron and carbon [up to 2 weight % (wt %)], with small quantities of alloying elements, and exists in three stable crystalline phases: austenite with a face-centered cubic structure, ferrite with a body-centered cubic structure, and cementite (Fe 3 C) with an orthorhombic structure. The principal transformation reaction in steel, which is a typical diffusion-controlled solidstate transformation, is from the high-temperature austenite phase to the low-temperature ferrite phase. Because the solubility of carbon in ferrite is much lower than in austenite, the transformation is accompanied by a carbon enrichment of the austenite. At lower temperatures, the carbon-rich austenite decomposes into pearlite, which consists of a lamellar structure of two interpenetrating single crystals of ferrite and cementite (Fig. 1) .
In order to study the time evolution of individual grains during the phase transformations, a relatively small volume of steel was illuminated with a monochromatic beam of hard x-rays from a synchrotron source. Through a slight rotation of the sample around an axis perpendicular to the beam, a number of grains gave rise to diffraction spots on a two-dimensional detector. Figure 2 shows a diffraction pattern halfway through the austenite-to-ferrite transformation. From the standard diffraction theory it can be shown that the intensity of each spot is proportional to the volume of the grain it originates from. The intensity of the spot is normalized with respect to the total intensity of the diffraction ring at the end of the transformation (4), by assuming that the equilibrium ferrite fraction is then reached. By repeated acquisition of images, the nucleation and growth of the individual grains were studied, with a typical time resolution of 10 s.
The steel was annealed at 900°C for 10 min in order to form the austenite phase and was subsequently continuously cooled to 600°C in 1 hour. By counting the number of valid diffraction spots, the number of ferrite grains (with a grain radius above the detection limit of about 2 m) was obtained as a function of temperature (Fig. 3A) . The number of ferrite nuclei increased most rapidly just below the austenite/ferrite transition temperature of 822°C for this steel, but new ferrite nuclei were continuously formed over a large temperature range until the austenite/ pearlite transformation started at 685°C. Only a very small number of new pearlitic ferrite nuclei were formed in the pearlite transition temperature range. Figure 3B shows the normalized experimental nucleation rate, which is compared to the CNT (1). The shape of the theoretical curve is in qualitative agreement with the measurements. The most striking difference is that the maximum nucleation rate occurred at a higher temperature than predicted by the CNT.
According to the CNT, the driving force for nucleation is the decrease in Gibbs free energy per unit of volume of the system during the phase transformation ⌬g V , which depends on the chemical composition and temperature. However, the creation of a new nucleus also requires energy because of the formation of an interface between the nucleus and the original phase. According to the CNT, the nucleation rate can be expressed as
where the factor (1 -f) takes into account the decrease in the number of potential nucleation sites with increasing fraction f (in this case, the ferrite fraction f ␣ ), k is the Boltzmann constant, h is the Planck constant, and T is the temperature. The mobility of the (iron) atoms in the original (austenite) phase is taken into account by the activation energy for diffusion Q D . The energy that is necessary to form a critical nucleus is referred to as the activation energy for nucleation ⌬G*, which can in general be written as ⌬G* ϭ ⌿/⌬g V 2 . The factor ⌿ accounts for the energy of the interface (boundary) between the nucleus and the original phase and the geometry of the nucleus.
It is the uncertainty in ⌿ that makes predictions of the nucleation rate very difficult, so models have been developed in order to estimate ⌿ (8, 9). These models have in common that a certain shape is assumed for the nucleus, which is then applied to all the nuclei in the system. One of the early models by Clemm and Fisher (8) 10) . This means that the activation energy for nucleation as determined in this experiment is at least two orders of magnitude smaller than the models predict.
The difference between experiment and theory cannot solely be explained by varying ⌬g V and/or Q D within a realistic range. The low experimental value for the activation energy for nucleation indicates a close balance between the energy that is released by the removal of incoherent austenite/austenite grain boundaries and the energy that is required for the formation of coherent and incoherent austenite/ferrite grain boundaries. This could be related to recent computer simulations of nucleation in a system of colloidal particles. These calculations indicate that it is possible that the initial nucleus has a metastable crystallographic structure, which transforms in a stable structure upon growth (11) . Moreover, it may be questioned whether conventional continuum thermodynamics accurately predicts the driving force ⌬g V , because the critical nucleus only consists of 10 to 100 atoms.
We determined the growth behavior of individual ferrite grains and pearlite colonies by continuously monitoring the intensity of the diffraction spots (Fig. 4) . The ferrite grain volume V ␣ that was derived from the measured intensity is transformed into a grain radius R ␣ by assuming that the grain shape is spherical. Four types of ferrite growth could be distinguished, as shown in the four panels of Fig. 4 . In each panel, the experimental growth curves are compared with the theoretical prediction of the classical Zener model (2), which predicts a parabolic growth for a spherical grain when the growth rate is limited by diffusion. This theory is commonly used to describe the growth of ferrite grains in construction steels during the transformation from austenite. Because the solubility of carbon in ferrite is two orders of magnitude lower than in austenite, the carbon Ϫ2 nm), the beam size to 94 ϫ 97 m 2 , and the thickness of the sample to 400 m. During the exposure, the sample was continuously rotated around the vertical axis over an angle from -0.8°to 0.8°. In order to determine whether a diffraction spot was valid, we took additional exposures for rotation angles from -2.4°to -0.8°a nd 0.8°to 2.4°, which told us whether the complete integrated intensity was observed in the central exposure. Once every six exposures, the beam size was expanded to 139 ϫ 139 m 2 in order to check whether the total volume of the grain was illuminated by the small central beam. For the experiment, we used the three-dimensional x-ray diffraction microscope (3DXRD) at beam line ID11 of the European Synchrotron Radiation Facility in transmission geometry. ␣ was assumed to develop according to thermodynamic equilibrium and was calculated from the thermodynamic database MTDATA. The driving force for nucleation ⌬g v was determined through the parallel-tangent construction with the standardized data from the Scientific Group Thermodata Europe (SGTE) under the assumption that the alloying elements were homogeneously distributed. For ⌿, the value determined by Lange et al. (9) was used: ⌿ LEA ϭ 2.1 ϫ 10 Ϫ6 J 3 /m 6 . The nucleation rate was normalized to the maximum nucleation rate. The first ferrite reflections were observed at a temperature of 822°C and the pearlite started to form at 685°C. The different stages during the phase transformations in steel are schematically drawn at the top of the figure, which shows the three phases: austenite (␥), ferrite (␣), and cementite ().
piles up at the moving interface and diffuses into the bulk of the austenite phase. This forms the rate-limiting process for the ferrite grain growth during the phase transformation. According to the Zener model, R ␣ as a function of time t is given by
where, in the case of the austenite/ferrite transformation, is a parameter that is determined by the carbon solubilities in ferrite and austenite; D C ␥ is the carbon diffusion coefficient in the bulk of the austenite, which depends on temperature and carbon concentration (12); and t s is the moment of nucleation of the grain. Equation 2 only applies to the initial stages of the transformation, during which the growth of the individual grain is not limited by interactions with neighboring grains because of overlapping diffusion fields (soft impingement) or existing grain boundaries (hard impingement).
The first and most frequently observed type of ferrite grain growth is initially in agreement with the theory (Fig. 4A) . This means that the grains initially do not interact with growing neighboring grains. For each of the grains, the growth curves start to deviate from the Zener theory at different levels, depending on the local impingement conditions. Figure 4B shows the second type of growth, in which some ferrite grains continue to grow with the same crystallographic orientation during the pearlite formation as part of a pearlite colony. This remarkable behavior has so far only been observed by Thompson and Howell (13) , who performed transmission electron microscopy measurements at the interface between ferrite and pearlite. This mechanism of continued growth of preexisting ferrite appears to be the dominant mechanism for pearlite formation. This is evidenced by the fact that very few new pearlite nuclei were found in the pearlite transformation temperature range (Fig. 3A) . These growth curves also show that the pearlite colony reaches a larger final size when the initially formed ferrite grain is smaller. Another difference between the austenite/ferrite and austenite/pearlite transformation is that at the low imposed cooling rate, all the pearlite colonies start to grow at a well-defined temperature of 685°C for this steel. Once pearlite formation is initiated, the intercalated cementite takes up all the carbon, which increases the growth rate.
The final two types of grain growth have not been observed or postulated before. Figure 4C shows the third type of ferrite growth, in which ferrite nucleation and growth are retarded. An enrichment of carbon in the austenite causes a local decrease in transition temperature, which leads to retarded nucleation. The retarded growth is caused by indirect interaction with growing neighboring grains. The neighboring grains do not directly touch each other but interfere via surrounding diffusion and stress fields (14 ) . The last class of ferrite grain growth is characterized by complex growth behavior (Fig. 4D) . In this least frequently observed growth mode, ferrite grains not only grow but also temporarily shrink upon continued transformation. This behavior is due to a complex grain-boundary migration caused by direct interaction with neighboring grains. The neighboring grains directly touch, but their grain boundaries are not yet in their equilibrium position. It is known that some grain boundaries are more stable than others, depending on the curvature (15) . Because the growth is a dynamic process, the forces on the grain boundaries may change irregularly, resulting in the growth behavior shown in Fig. 4D . Thus, on the level of individual grains we can distinguish four types of grain growth: There are grains that do not interact with neighboring grains, grains that continue to grow with the same crystallographic orientation into another phase, grains that indirectly interact, and grains that directly interact with neighboring grains.
Our measurements show that the activation energy for grain nucleation is at least two orders of magnitude smaller than that predicted by thermodynamic models. The observed growth curves of the newly formed grains confirm the parabolic growth model but also show three fundamentally different types of growth. We conclude that the current models do not accurately predict the phase transformation kinetics in polycrystalline materials. Future nucleation models should give a better prediction of the optimum size and shape of the critical nucleus, which initially may have a metastable crystallographic structure, with respect to the energy of the interfaces. Future growth models should incorporate the interactions between growing neighboring grains. From a technological perspective, these new insights are of importance to the modern materials production process, which relies heavily on grain nucleation and growth models to produce tailor-made materials. 
